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ABSTRACT

The temperature range supporting growth defines a complex physiological phenotype that depends on 

interactions between an organism's genome and its environment. Its implications are widespread since 

small changes in optimal growth temperature (OGT) can alter an organism's ability to inhabit an 

ecological niche. Thus, organisms with extreme thermal growth traits (e.g., psychrophilic, with OGT < 

15oC, or thermophilic, with OGT 60 -80oC) may be useful for identifying promising targets when 

searching for life on other planets, as well as predicting population dynamics in a warming Arctic. We 

performed comparative genomic analyses of bacteria newly isolated from Arctic sea ice that were 

affiliated with Colwelliaceae, a family of Gammaproteobacteria that contains many psychrophilic strains, 

to identify genomic factors that might be used to predict OGT. A phylogenomic analysis of 67 public and 

39 newly-sequenced strains, was used to construct an updated phylogenetic tree of Colwelliaceae, of 

which at least two genera were well represented. To augment the previously reported OGTs of 26 strains, 

we measured growth rates at -1, 4, 11, and 17 C to determine the OGTs of these 39 new strains of 

Colwelliaceae. We found that growth rates among all isolates were comparable at -1C, but varied widely 

above 10 C, indicating higher variability in the ability to tolerate warmer temperatures. To analyze the 

phenotypic differences on a genomic level, we examined indices of amino acid substitutions that have 

previously been linked with cold adaptation via an increase in protein flexibility. We found that these 

indices were significantly correlated with OGT at the whole genome level, although the sign of some 

correlations were opposite of the predicted positive correlation between temperature and the indices. 

Using these data, we fit a multiple linear regression model for OGT within the Colwelliaceae family that 

incorporates the three most informative amino acid indices: GRAVY, Aliphatic Index, and Acidic 

Residue Proportion. Additionally, a putative cold-adaptive gene cassette was identified that was likely 

introduced by horizontal gene transfer between two closely related clades with different OGTs. These 

contributions offer key insights into OGT variability and its underlying genomic foundation in the family 

Colwelliaceae.
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INTRODUCTION

The cryosphere, which includes permafrost, ice sheets, icebergs, glaciers, and sea ice, contains 

some of the most “extreme” environments on Earth (De Maayer et al. 2014; IPCC 2019; Margesin and 

Collins 2019). In the polar regions, which contain most of the earth's cryosphere habitat, microbial life in 

sea ice is challenged by extreme variability in light (0 - 24 h daylight), brine salinity (0 to 300 ‰), and 

temperature (0 °C to -50 °C) (Raymond and Kim 2012; Collins 2015). However, the polar regions are 

rapidly changing, with faster than expected seasonal sea ice retreat due to anthropogenic warming 

accelerating the loss of multi-year sea ice (IPCC 2019). In the Arctic, global climate models and 

observations predict sea ice to diminish in thickness and seasonal extent by the middle of this century 

(Petty et al. 2018). The loss of sea ice habitat is expected to affect the Arctic carbon cycle as primary 

producers shift from sea ice to planktonic regimes (Brown and Bowman 2001; Hill et al. 2018). Presently, 

exudates from sea ice algae provide dissolved organic matter and particulate organic matter that drives a 

thriving sea ice microbial community dominated by psychrophilic Alphaproteobacteria, Flavobacteria, 

and Gammaproteobacteria (Gosink et al. 1997; Bowman et al. 1998).

Temperature is an important parameter for defining an organism's fundamental niche (Soberón 

and Arroyo-Pena 2017), especially for microbes, which are unable to control their internal temperature. It 

is a crucial factor in determining the presence and abundances of aquatic microbes; for example, it has 

been significantly correlated with shifts in abundance of ecotypes of the marine cyanobacterium 

Prochlorococcus (Johnson et al. 2006). The parameters of the fundamental temperature niche include the 

minimum and maximum temperatures where growth is observed and the slope of the increase in growth 

with respect to increased temperature (Ratkowsky et al. 1983). Additionally, optimal growth temperature 

(OGT) can be used as a physiological parameter that describes the temperature at which an organism has 

the highest intrinsic growth rate. Microbes have been divided into broad categories of temperature 

tolerance: psychrophiles are microbes that grow at a maximum temperature of 20 C and have an OGT 

that is less than 15 C; psychrotrophs, also known as psychrotolerant microbes, grow below 20 C but 

have OGTs greater than 20 C; and mesophiles grow between 15 and 50 C with an OGT between 15 to 

45 C (Margesin and Schinner 1994; Taylor and Vaisman 2010; Raymond-Bouchard et al. 2018b).

Psychrophily is a complex phenotype in which microbes must overcome a number of challenges, 

including low membrane fluidity (Raymond-Bouchard et al. 2018b), limited protein flexibility (Aghajari 

et al. 1998), diffusion constraints affecting Q10 (Margesin and Schinner 1994; Poli et al. 2017), and often 

other co-occurring extreme conditions including high salinity, low pH (Collins 2015), and the formation 

of intracellular ice crystals (Vance et al. 2019). A wide variety of microbial adaptations have been 
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described in psychrophiles including the production of cold-shock and ice-binding proteins (Vance et al. 

2019), increased ratios of polyunsaturated fatty acids (PUFAs) and short chained fatty acids to maintain 

cell membrane fluidity at low temperatures (Peoples et al. 2020), and the production of extracellular 

polymeric substance (EPS) and osmoprotectants to avoid osmotic damage from high-salinity 

environments in sea ice brine channels (Margesin and Schinner 1994; De Maayer et al. 2014; Collins

2015).  These adaptations, which are mediated by the presence of one or several genes, may result from 

horizontal gene transfer (Liu et al. 2019). In addition, six indices of amino acid composition have been 

reported as indicators of adaptation to low temperature in some bacteria: arginine-lysine ratio, proline 

residue proportion, grand average of hydropathicity (GRAVY), aromaticity index, aliphatic index and 

acidic residue proportion (Grzymski et al. 2006; Ayala-del-Rio et al. 2010; Goordial et al. 2016; Bowman 

2017). In each case, lower indices have been associated with greater cold adaptation. These changes in 

amino acid composition of the whole proteome are predicted to increase the flexibility of proteins by 

reducing the number of salt-bridges and hydrogen bonds with side chains (Consler et al. 1991; Aghajari et 

al. 1998; Ayala-del-Rio et al. 2010).

To date, efforts to predict psychrophily or optimal growth temperatures of psychrophiles using 

whole genome sequences have been limited by insufficient physiological and genomic data. In one study 

that used machine learning to assess the predictability of a variety of phenotypic traits in microbes, 

psychrophily was found to be the most difficult phenotype to predict from whole genome sequences due 

to a scarcity of data (Feldbauer et al. 2015). Another study used a machine learning approach taking 

advantage of nucleotide, dinucleotide, proteomic, tRNA, rRNA, and codon fraction data to predict OGT, 

however, psychrophilic strains were poorly fitted compared to thermophiles due to insufficient data and 

were therefore excluded from the final model (Sauer et al. 2019).

In this study, we focus on the bacterial family Colwelliaceae (class Gammaproteobacteria), which 

is common in the marine cryosphere (Bowman 2014), and includes the psychrophilic model organism 

Colwellia psychrerythraea 34H (Huston et al. 2004; Marx et al. 2009; Collins and Deming 2013). The 

existing type genus Colwellia was recently revisited and broken into three genera by Liu et al. (2020): 

Colwellia (containing the type strain C. psychrerythraea 34H and Colwellia piezophila ATCC BAA- 

637), Cognaticolwellia (Colwellia chukchiensis CGMCC 1.9127 and Colwellia aestuarii CGMCC 

1.6965), and Pseudocolwellia (Colwellia agarivorans QM50). However, since these new genera have not 

yet been accepted as validly published by the International Code of Nomenclature of Prokaryotes, we use 

the validly published names in this manuscript (Parte 2013). The taxonomic rearrangement of this group 

was accomplished through a combination of sequencing methods, including Average Nucleotide Identity 

(ANI) analysis. ANI is a whole-genome analysis technique that has been used to delimit species using a 
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threshold of 96% (Richter and Rosselló-Móra 2009; Kim et al. 2014), providing higher phylogenetic 

resolution than 16S rRNA gene phylogenies in the genus Colwellia (Pei et al. 2010; Techtmann et al.

2016).

As a model organism for the study of psychrophily, C. psychrerythraea 34H was among the first 

environmental microorganisms to have its genome completely sequenced (Methe et al. 2005) revealing 

numerous adaptations to the psychrophilic lifestyle. Genes encoded by C. psychrerythraea 34H that are 

thought to contribute to adaptation to low temperature include the fatty acid synthesis operon 

(CPS_2295—CPS_2299), which alters membrane fluidity, ATP-dependent DNA helicases (CPS_3886 

and CPS_2418) which aid in replication, recombination and repair, and ibpA (CPS_3580) which produces 

an ice-binding chaperone protein (Methe et al. 2005; Vance et al. 2019). C. psychrerythraea 34H also 

produces extracellular polymeric substances (EPS) (Marx et al. 2009), possibly as a form of 

cryoprotection, as well as monooxygenases involved in hydrocarbon degradation (e.g., butane 

monooxygenase, BMO) (Baelum et al. 2012; Mason et al. 2014). Methe et al. (2005) also used amino 

acid composition to differentiate among thermal classifications, demonstrating that psychrophilic and 

mesophilic genomes encoded distinct proportions of amino acids; for example, psychrophiles were found 

to be enriched in serine compared to mesophiles and thermophiles. While that study used linear 

combinations of all 20 amino acids to make categorical predictions, here we build off this work to make 

quantitative predictions of OGT based on previously validated amino acid compositional indices.

This study aims to identify conserved molecular signatures that can be used to predict OGT in 

psychrophilic bacteria using amino acid compositions derived from whole genome sequences. We 

hypothesize that OGT in Colwelliaceae is correlated with amino acid compositional index at the whole 

genome level and protein family level. By using a combined phenotypic-genotypic approach, we seek to 

improve upon the current state-of-the-art to quantitatively predict this essential growth parameter. 

Thereby, this study provides extensive physiological and genomic data that will advance research into the 

evolution of psychrophily and the impact of a warming Arctic on extremophilic bacteria.

MATERIALS & METHODS

Code Availability
Unless otherwise noted, computational analyses were conducted in R (version 3.6, R Core Team 

2019). Open-Source code for all analyses is freely available at 

http://www.github.com/agentilhomme/Genomic Signatures of OGT (2020) .
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Bacterial Isolates
All Colwelliaceae isolates were obtained from the bottom 10 cm of sea ice cores collected near 

Utqiagvik (formerly Barrow), Alaska, USA during April 2015, and October 2018. Melted ice was plated 

onto Marine Broth 2216 agar and incubated at 4 oC. Individual colonies were restreaked up to 4 times 

during isolation. Isolates collected in 2015 were cryopreserved in glycerol at -80 C until the start of the 

experiments. Isolates were taxonomically screened by 16S ribosomal RNA gene sequencing using a 

commercial sequencing service (GeneWiz, Seattle, USA). In total, 39 isolates were identified as 

Colwelliaceae. These isolates were regrown from frozen stocks on 1:1 Marine Broth 2216 and Artificial 

Sea Water (1:1 MB:ASW) solid agar (10g/L) at 4 °C (Collins and Deming 2013). Each isolate was re

isolated from a single colony and streaked onto solid agar three times to ensure pure cultures. One colony 

from each isolate was inoculated into a vial of 1:1 MB:ASW liquid media and grown until visibly turbid 

at 11 °C. Liquid cultures were then used to inoculate growth experiments and were harvested for genomic 

DNA.

Estimation of Growth Curves and Optimal Growth Temperatures
For each of the 39 strains, eight replicate wells of a ninety-six well plate were inoculated with a 

3% dilution of the pure isolate starter culture in 1:1 MB:ASW liquid media at each of the following 

temperatures: -1, 4, 11, and 17 C. Each plate also included 16 wells of uninoculated growth medium as 

blanks. The optical density of each well at 600 nm (OD600) was measured on a microplate 

spectrophotometer (BioTek, Winooski, VT) every four to six hours for 48 - 72 hours to capture the 

exponential growth period of each strain. Each plate took less than one minute to measure the optical 

density and were returned immediately to their respective incubators. Plates held at -1,4, and 11C were 

transported using a cooler in order to minimize warming. Cell concentration was estimated from OD600 

using a nonlinear correlation established in C. psychrerythraea 34H (Huston 2003):
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The exponential growth rate of each strain in each of eight replicates at each temperature was estimated 

using the function ‘fit_spline' in the package ‘growthrates' (Petzoldt 2019, version 0.8.1). Outliers were 

identified and removed using the median absolute deviation with robust normalization and a threshold of 

seven. Growth rate as a function of temperature was parameterized by fitting the square root model of 

Ratkowsky et al. (1983) (Equation 2):

where r is the growth rate at Kelvin temperature T, Tmin and Tmax are the lower and upper temperatures 

where the growth rate goes to 0, and b and c are constants that describe the shape of the rising and falling



parts of the curve, respectively. The model was fit using the package ‘minpack.lm' (Elzhov et al. 2016, 

version 1.2-1) with initial values of 0.01 (b), 182 K (Tmin), 0.06 (c), and 293 K (Tmax). Uncertainties 

around parameter fits were estimated using a Monte Carlo approach. Briefly, at each iteration, a single 

growth rate at each temperature for each strain was drawn from a normal distribution given by the mean 

and standard deviation of the observed growth rates at each temperature for each strain. For each of 1000 

iterations, the Ratkowsky model was fit and the parameters estimated. Iterations with pathological fits 

(defined empirically as those with root mean square error (RSME) greater than 10-30) were discarded. The 

OGT for each strain was estimated as the median temperature at which the maximum growth rate was 

predicted from the remaining iterations.

Additional growth rate data for Colwellia demingiae ACAM 459, Colwellia hornerae ACAM 

607, Colwellia psychrerythraea ACAM 605, and Colwellia piezophila ATCC BAA-637 were collected 

from existing publications (Bowman et al. 1998; Nogi et al. 2004; Corkrey et al. 2016) and the OGT for 

each strain was estimated using nonlinear fitting of the Ratkowsky model as before.

DNA Sequencing and Genome Annotation
Genomic DNA was extracted from 500 μL aliquots of turbid cultures grown at 11 C from 39 

Colwelliaceae isolates using the Epicentre MasterPure Gram Positive DNA purification kit (Lucigen 

Corp., Middleton, Wisconsin). The extracted DNA was quantified and evaluated for purity using a 

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, USA). Library construction and 

sequencing was conducted at the University of Alaska in the Institute of Arctic Biology's Genomics Core 

Lab. A KAPA Hyperplus kit (Roche Sequencing, USA) was used for fragmentation, ligation, and 

multiplexing of genomic DNA libraries. The resulting libraries were cleaned using the MagBio HighPrep 

PCR Clean-up System (MagBioGenomics, USA) and checked for proper size distribution using the 

Agilent TapeStation 4200 (Agilent, USA). Libraries were pooled, checked again for size distribution, and 

quantified using the New England Biolabs NEBNEXT Library Quant Kit for Illumina. Paired end 2x250 

bp whole genome sequencing was conducted on the Illumina MiSeq platform (Illumina Corp., San Diego, 

USA). Demultiplexed sequencing reads were quality- and adapter-trimmed using cutadapt (v2.10, Martin 

2011) before assembly using SPAdes (v3.14.0, Algorithmic Biology Lab, Bankevich et al. 2012), 

manually cleaned using Bandage (v0.8.1, Wick et al. 2015), and submitted to the PATRIC web portal 

(https://patricbrc.org/, Wattam et al. 2016, version 3.6.3) for annotation using the RAST tool kit 

(RASTtk; Brettin et al. 2015; Davis et al. 2016). Protein families (PATtyFams) were identified by 

PATRIC using k-mer-based MCL clustering of proteins from all reference ("global") or genus-specific 

("local") genomes in its database. An additional 67 public Colwelliaceae genomes were used for 

comparison with these newly-sequenced genomes (Table 1).
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Table 1. Genome sequence summary for Colwelliaceae strains. The summary of genome sequences for 39 
strains of Colwelliaceae from Utqiagvik, Alaska with strain name, number of assembled contigs, total 
genome length, GC content (%), number of coding sequences identified in PATRIC, and the accession 
numbers for sequences stored in the NCBI database.

Strain Name Contigs Genome Length 
(bp)

GC 
Content

PATRIC CDS Bio Sample 
Accession

Colwellia Bg11-12 87 4267260 37.50 3895 SAMN15641041
Colwellia Bg11-28 18 5369244 37.81 4811 SAMN08125749
Colwellia BRX10.1 111 4513248 37.75 4119 SAMN15641862
Colwellia BRX10.2 114 4517290 37.76 4129 SAMN15641863
Colwellia BRX10.3 57 3881276 38.18 3465 SAMN15641864
Colwellia BRX10.4 118 4506293 37.54 4301 SAMN15641865
Colwellia BRX10.5 112 4511916 37.76 4125 SAMN15641866
Colwellia BRX10.6 121 4271028 37.80 3890 SAMN15641867
Colwellia BRX10.7 105 4512510 37.76 4123 SAMN15641868
Colwellia BRX10.9 159 4512892 37.80 4159 SAMN15641869
Colwellia BRX8.2 188 4615528 37.79 4182 SAMN15641870
Colwellia BRX8.3 120 4604445 37.76 4150 SAMN15641871
Colwellia BRX8.4 88 4449893 37.79 3998 SAMN15641872
Colwellia BRX8.5 91 4606843 37.77 4130 SAMN15641873
Colwellia BRX8.6 120 4602220 37.76 4149 SAMN15641874
Colwellia BRX8.7 108 4472161 37.79 4073 SAMN15641875
Colwellia BRX8.8 1273 4365309 38.05 4562 SAMN15641876
Colwellia BRX8.9 76 4701650 37.72 4199 SAMN15641877
Colwellia BRX9.1 188 4522423 37.85 4067 SAMN15641878
Colwellia MB02u-1 62 4170872 39.09 3698 SAMN15641029
Colwellia MB02u-10 146 4599544 39.02 4038 SAMN15641030
Colwellia MB02u-11 212 4511019 37.35 4421 SAMN15641042
Colwellia MB02u-12 62 4171271 39.10 3691 SAMN15641031
Colwellia MB02u-14 94 4421165 37.46 4159 SAMN15641043
Colwellia MB02u-18 63 4170024 39.09 3701 SAMN15641032
Colwellia MB02u-19 66 4171702 39.10 3696 SAMN15641033
Colwellia MB02u-6 42 4010185 38.70 3630 SAMN15641034
Colwellia MB02u-7 219 4507587 37.33 4427 SAMN15641044
Colwellia MB02u-9 103 4290454 39.05 3777 SAMN15641035
Colwellia MB3u-22 229 4516562 37.35 4435 SAMN15641045
Colwellia MB3u-28 83 4527039 37.37 4268 SAMN15641046
Colwellia MB3u-4 92 4221270 39.08 3745 SAMN15641036
Colwellia MB3u-41 87 4528254 37.38 4262 SAMN15641047
Colwellia MB3u-43 88 4169556 39.10 3700 SAMN15641037
Colwellia MB3u-45 59 4165602 39.10 3681 SAMN15641038
Colwellia MB3u-55 130 4438929 37.51 4234 SAMN15641048
Colwellia MB3u-64 208 4510069 37.34 4425 SAMN15641049
Colwellia MB3u-70 98 4544073 39.01 4145 SAMN15641039
Colwellia MB3u-8 77 4545676 39.01 4124 SAMN15641040
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Raw sequencing reads were deposited in NCBI Sequence Read Archive under accession numbers 

SRX3438801, SRX8821182-SRX8821195 and SRX8821200-SRX8821336. Genome assemblies are 

available under accession numbers SAMN15641862-SAMN15641878, SAMN15641029- 

SAMN15641049, and SAMN08125749 within BioProject PRJNA420923.

Phylogenetic Analysis
A phylogenetic tree of the combined experimental and public Colwelliaceae strains was estimated 

using the codon tree building service in PATRIC. This method uses the PATRIC global protein families 

as homology groups (Wattam et al. 2016) and analyzes aligned proteins and coding DNA from single

copy genes using fast bootstrapping using RAxML (Stamatakis 2014). Genome-genome similarity was 

estimated by Average Nucleotide Identity (ANI) of single-copy core genes using OrthoANI (Yoon et al.

2017).

Amino Acid Indices
The following amino acid compositional indices were calculated for each annotated protein in 

each genome: arginine/lysine ratio, grand average of hydropathicity (ratio of polar to non-polar amino 

acids), aliphacity (the ratios of the amino acids A, V, I, and L based on their respective mole percentage), 

proline fraction, acidic residue, and aromaticity (total sum of aromaticity values for each amino acid 

sequence). These ratios have previously been linked to cold adaptation at the genome level, likely by 

allowing for increased protein flexibility at low temperatures (Goordial et al. 2016). For each genome, 

and for each protein family (both local and global) present in multiple genomes, the mean index was 

calculated.

Statistical Analysis
To test the hypothesis that optimal growth temperature in Colwelliaceae is correlated with amino 

acid compositional index at either the whole genome or protein family level, linear regression models 

were fit (using ‘lm') between temperature and mean amino acid compositional indices across genomes, 

and between temperature and mean amino acid compositional indices within each protein family. To 

determine the simplest multiple linear regression model that predicted OGT from whole genome amino 

acid indices, Akaike Information Criterion (AIC) values were calculated using a stepwise function (‘step', 

direction = “both”).

Phylogenomic Analysis of Cold Adaptation Genes
A list of genes previously associated with cold adaptation were assembled from the literature 

(Supplementary Table 1) to delineate the phylogenomic distribution of cold adaptation genes in 

Colwelliaceae. For each identified gene, representative translated amino acid sequences were downloaded 

from GenBank and homologs were identified in all available Colwelliaceae genomes with BLASTP ( e

value threshold of 1e-20, Altschul et al. 1990) using the PATRIC Command Line interface.
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RESULTS

Genome Sequencing and Phylogeny
Sequencing revealed the genomes of 39 strains of Colwelliaceae from Colwellia (N = 26) and the 

proposed genus Cognaticolwellia (N = 13, Table 1) that contained 723 new protein families not 

previously observed within the Colwelliaceae (Supplementary Figure 1). Dependent on taxa, 69 - 89% of 

all genes within the family were classified into protein families. Three major clades were identified in the 

phylogenetic tree: Clade C - containing the canonical Colwellia genus including the type strain C. 

psychrerythraea 34H, Clade B - containing Cognaticolwellia, recently proposed by Liu et al. (2020), and 

Clade A - potentially another new genus typified by the strain C. hornerae (Figure 1, Supplementary 

Table 2). These clades had average pairwise intra-genomic distances (in substitutions per site) of 0.49 

(N=20), 0.41 (N=25), and 0.19 (N = 31), respectively. An additional comparison between ANI and 16S 

rRNA gene sequences demonstrated that small differences in 16S rRNA gene diversity masked high 

intragenomic heterogeneity of the genome (Supplementary Table 2). In one of the most divergent cases, 

isolate Colwellia BRX10.3 had 98.7% 16S rRNA gene identity with isolate Colwellia beringensis 

NB097-1, however, they shared only 85.8% ANI (Supplementary Table 2), while each contained 290 - 

1094 protein families not found in the other.
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Figure 1. Maximum-likelihood phylogenetic tree based on PATRIC global protein families of 
Colwelliaceae family with clades and subclades. Main clades indicated by “X”: Clade A, Clade B,
Clade C. Sub-Genus clades split at branch support values of 100% (i.e.: A1, A2, A3, B1, B2). The shapes 
on tips are the source of the OGT (square = Ratkowsky fit of new sequenced strains using Monte Carlo 
distribution, triangles = Ratkowsky fit using weighted growth rate values from the literature, circles = 
OGT found in the literature). The node point colors represent the bootstrap values (brown = bootstrap 
value < 90, grey = bootstrap value > 90)
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Optimal Growth Temperature

The growth rates of the 39 Colwelliaceae strains were determined at four temperatures ranging 

from -1C to 17 C (Supplementary Table 3). The exponential growth rate coefficients calculated for 

each strain revealed an average growth rate of 1.5 ± 0.3 d-1 at a typical Arctic seawater temperature of 
-1 C, rates of 1.8 ± 0.3 d-1 at 4 C, 1.8 ± 0.5 d-1 at 11 C, and 0.9 ± 0.6 d-1 at 17 C. Observed growth 

rates were broadly similar across strains at low temperature but displayed increasingly higher variability 

at higher temperatures (One-Way ANOVA, F(3,1232) = 295.7, p-value < 0.0001). Most strains from 

Clade A and two strains from Clade B displayed robust growth at both 17 C and -1 C, an indicator of 

psychrotolerance (Supplementary Figure 3). Other strains, such as Colwellia MB02u-11 and Colwellia 

MB02u-8, grew well at -1 C but slowly at 17 C, indicating that they may be true psychrophiles (Table 

2, Supplementary Figure 3).

Table 2. Growth rate summary for representative strains of Colwelliaceae. Six representative strains of 
Colwelliaceae from Utqiagvik, Alaska and their growth rates (day-1) at four temperatures: -1, 4, 11, 17 C 
(mean ± sd) with their predicted optimal growth temperature (OGT) and the predicted growth rate (GR) at 
the optimal growth temperature.

Representative Strain Avg. GR 
(d-1 ) at 
-1C

Avg. GR 
(d-1 ) at 

4C

Avg. GR 
(d-1 ) at 
11C

Avg. GR 
(d-1 ) at
17C

Pred.
OGT
(C)

GR at 
Pred.

OGT (d-1 )
Colwellia Bg11-12 1.25 ± 0.12 2.10 ± 0.07 2.78 ± 0.06 2.41 ± 0.20 12 2.78

Colwellia Bg11-28 1.39 ± 0.09 1.65 ± 0.18 2.53 ± 0.15 0.79 ± 0.20 10.6 2.49

Colwellia BRX10.3 0.96 ± 0.09 0.97 ± 0.28 1.22 ± 0.08 1.23 ± 0.09 13.1 1.29

Colwellia MB02u-14 1.39 ± 0.13 2.08 ± 0.22 1.86 ± 0.22 0.25 ± 0.11 7.2 2.28

Colwellia MB3u-43 1.46 ± 0.08 1.58 ± 0.12 1.52 ± 0.07 0.62 ± 0.11 7.6 1.74

Colwellia MB3u-55 1.07 ± 0.03 1.92 ± 0.04 2.43 ± 0.12 0.45 ±0.14 9.5 2.51

Definition of Subclades by OGT phenotype
The estimated optimal growth temperatures (OGT), determined by fitting the model of 

Ratkowsky et al. (1983), demonstrated high inter-and intra-genus variability (Figure 2, Supplementary 

Figure 2, Supplementary Figure 3). The mean estimated OGT of strains in Clade A, Clade B 

(Cognaticolwellia), and Clade C (Colwellia) were 8.9 ± 1.7 C (N=25), 8.6 ± 1.60 C (N=13), and 10.6 C 

(N=1), respectively. To further investigate inter-and intra-species (defined as >96% ANI; Richter and 

Rosselló-Móra 2009; Kim et al. 2014) differences in OGT and proteome content, we split major clades 

into monophyletic subclades (each with bootstrap branch support values of 100%; Figure 1), designated 

by a representative strain: Clade Al (Colwellia MB3u-55; OGT range: 8.3 - 10.8 C; intra-clade ANI:

10
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Figure 2. Optimal growth temperature distribution for Colwelliaceae subclades. Boxplot of OGT for each strain isolated from Utqiagvik, 
Alaska within each subclade of Colwelliaceae , where the middle horizontal line represents the median, the upper the lower edge of the “box” 
represent the 75% and 25% quantile respectively, and the “whiskers” ends represent the minimum and maximum of the OGTs within the group. 
The dot in Clade B1 represents an outlier.



97.4%; N=18), Clade A2 (Colwellia MB2u-14; 6.0 - 7.2 C; 99.8%; N=7), Clade A3 (Colwellia Bg11- 

12; 12 C; N = 1), Clade B1 (Colwellia MB3u-43; 7.2 - 10.5 C; 97.8%; N=12), and Clade B2 (Colwellia 

BRX10.3; 13.1 C; N=1). Clade C only had one strain (Colwellia Bg11-28; 10.6 C; Figure 2, 

Supplementary Table 2,). Though all of the strains assayed in this study were found to have an OGT less 

than 15C, strains within Clade A1, A3, and B2 displayed robust growth at 17 C and -1 C, indicating 

that they are most likely psychrotolerant. Other strains that are part of Clade A2, such as Colwellia 

MB02u-11 and Colwellia MB02u-8 grew well at -1 C and slowly at 17 C and may be true 

psychrophiles (Figure 3). Since estimated OGTs differed by phylogenetic clade, we further explored 

differences in the shape parameters of the temperature response curves for each clade and subclade. The 

growth rate data from each clade or subclade was combined and re-fit using the Ratkowsky model, with 

variability estimated by Monte Carlo sampling as before (5000 iterations, Figure 4). Clades A2 & A3 

displayed nearly identical initial slope based off of their respective standard deviation (growth rate per 

degree Celsius; b > 0.089) with Clade A3 having the higher maximum growth rate temperature (Tmax = 

299 K) while Clade A2 had the lowest of all the subclades (Tmax = 291 K; Figure 5, Supplementary 

Figure 3). Clade B subclades had diverging Ratkowsky model fits, with Clade B2 having the lower initial 

regression coefficient (b = 0.02) and the highest Tmax (Supplementary Figure 3). Finally, Clade C 

presented the highest c parameter, 0.3 (Supplementary Figure 3). Correlations between observed growth 

rates and predicted OGTs were not significant at low temperature (R = 0.055, p = 0.33, N = 308 at -1 C) 

but were significant at high temperature (R = 0.74, p = 4.7e-54, N = 305 at 17 C; Figure 3).

Cold Adaptation Through Changes in Amino Acid Composition
To uncover the genetic drivers of observed differences in growth rate with respect to temperature, 

we tested the hypothesis that variations in OGT within Colwelliaceae could be explained by amino acid 

substitutions across the entire genome. Six different amino acid compositional indices, used previously as 

proxies for cold adaptation, were analyzed across the predicted proteome of each Colwelliaceae isolate: 

arginine-lysine ratio, grand average of hydropathicity (GRAVY), aromaticity index, proline residue 

proportion, aliphatic index and the acidic residue proportion, which all were expected to be positively 

correlated with OGT (i.e. lower in psychrophiles, higher in mesophiles). While genome-wide amino acid 

index analyses found similar distributions across sequenced Colwelliaceae genomes, observed differences 

in some indices both within and among clades suggested that these differences might be useful for OGT 

prediction (Supplementary Figure 4, Supplementary Figure 5).

Pearson correlation analysis between mean whole-genome amino acid indices and OGTs for all 

available Colwelliaceae genomes (from this study and previously published data; Figure 6) showed that 

OGT was weakly correlated with three out of six amino acid indices: arginine-lysine ratio, acidic residue
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Figure 3. Growth rate versus optimal growth temperature of Colwelliaceae. Correlation between OGT and respective growth rates of each 
strain isolated at Utqiagvik, Alaska, at each replicate at each of the experimental temperatures: -1 (A), 4 (B), 11 (C), and 17oC (D). Colored 
according to clade and sub-clade: teal = Clade A1, dark green = Clade A2, neon green = Clade A3, orange = Clade B1, gold = Clade B2, purple = 
Clade C.
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Figure 4. Non-linear fit of growth rate as a function of temperature for all subclades. All strains used where those isolated from Utqiagvik, 
Alaska. Colored according to sub-clade: teal = Clade A1, dark green = Clade A2, neon green = Clade A3, orange = Clade B1, gold = Clade B2, 
purple = Clade C. Clade fits using the Ratkowsky model were created by using the median parameters produced via Monte Carlo sampling.
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Figure 5. Non-linear fit of growth rate as a function of temperature for Sub-Clade A2 & A3. All strains used where those isolated from
Utqiagvik, Alaska. The dark line represents the non-linear fit based off the Ratkowsky model using the median of each of the parameters while the 
overlapped colored lines represents fits of all other set of parameters produced via Monte Carlo sampling.



16

Figure 6. Whole genome amino acid index versus OGT of Colwelliaceae. Acidic Residue proportion (A), Aliphatic Index (B), Arginine 
Lysine Ratio (C), Aromaticity Index (D), GRAVY(E), Proline Residue proportion (F) calculated for each genome versus their respective 
OGT. Correlation statistics span the entire family, but colors designate the independent genera



fraction, and aromaticity (p-values < 0.05, R2 < 0.35; Figure 6A, C, D); moderately correlated with two 

amino acid indices: proline residue content and GRAVY (p-values < 0.05, 0.35 < R2 < 0.5; Figure 6E, F); 

and strongly correlated with the aliphatic index (p-value < 0.05, R2 = 0.56; Figure 6B). However, 

correlations between OGT and amino acid indices were not consistent across phylogenetic clades (Table 

3). OGT had both significant negative and positive correlations with amino acid indices such as GRAVY, 

in which different subclades showed directional trends that were inconsistent with expected mechanisms. 

Arginine-lysine ratio, proline residue content, and the acidic residue fraction were consistent in the trend 

direction across phylogenetic clades and consistent with expected mechanisms (Table 3).

Table 3. Amino acid and OGT correlation direction summary for Colwelliaceae. Correlation directions 
between whole genome amino acid ratio and OGT (NS = correlations not significant, p > 0.05).

Amino Acid 
Index

Clade
A 

(N=27)

Clade
B 

(N=19)

Clade 
C 

(N=10)

Colwelliaceae
Family

Expected 
Amino Acid 
correlation 
direction

Significant 
Protein Family 

Positive
Correlation 
Enrichment

All Protein
Family Positive

Correlation
Enrichment

Arginine
Lysine Ratio

+ + + 1.93 1.48

GRAVY + - - + 0.29 0.63

Aromaticity
Index

- + + + 0.89 0.93

Proline
Residue
Proportion

+ + + 2.32 1.23

Aliphatic
Index

- - + 0.25 0.69

Acidic
Residue
Proportion

+ + + + 3.86 1.61

The Ratkowsky model parameters (b, c, Tmin, and Tmax) were either uncorrelated with these indices 

(aliphatic index and acidic residue proportion) or weakly correlated, with outliers driving the correlation 

(arginine-lysine ratio, aromaticity, GRAVY, proline residue content). An AIC step-wise optimization 

function was used to determine the best multiple linear regression model predicting OGT from amino acid 

indices in Colwelliaceae: OGT = -9.5d + 271.2e + 797.2f + 824.1 where d is the acidic residue fraction, e 

is GRAVY, and f is the aliphatic index (Table 4).
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Table 4. Summary of multi-linear correlations between OGT and amino acid ratio. Linear correlation 
coefficients for amino acid ratio to OGT individually, all amino acid ratios, and the best combination of 
amino acid ratios based on the lowest AIC values using a step function.

Model R2 AIC Model Slope Model 

y-int.

Absolute 
Average OGT 

Difference (oC)

Aromaticity Index 0.102 431.8 2236.6 -228.7 5.3 ± 4.8

Arginine- Lysine Ratio 0.222 422.8 192.7 -62.5 4.7 ± 4.7

Acidic Residue Proportion 0.268 418.9 1890.8 -203.3 4.7 ± 4.4

Proline Residue Proportion 0.359 410.5 4389.7 -141.8 4.2 ± 4.3

GRAVY 0.39 407.4 -234.5 -12.9 4.1 ± 4.2

Aliphatic Index 0.563 386.4 -5.6 527.4 3.4 ± 3.6

All Amino Acid Indices Proline Residue: 636.6

Arg. Lys Ratio: 16.7

0.623 387.2
Aliphatic Index: -7.7

577.12 3.02 ±3.5
Aromaticity: 366.98

Acidic Residue: 904.14

GRAVY: 224.04

Best Amino Acid 
Combination

Aliphatic Index: -9.49

0.617 382.1 Acidic Residue: 797.17 824.15 3.04 ± 3.5

GRAVY: 271.16

Next, we evaluated these amino acid indices on a protein family level by calculating the average 

amino acid index for each local (genus-specific) and global (all references) protein family annotated by 

PATRIC. This analysis revealed broad similarities in patterns of indices across genera but did not display 

any clear correspondence with a cold-adapted phenotype (Supplementary Figure 4). For example, the 

genomes within Clade A shared similar patterns of aliphatic index but had substantially different OGTs 

(Figure 6, Figure 7, Supplementary Figure 5). To determine whether additional variance in OGT among 

clades could be explained by enrichment of genomes with particular protein families encoding amino acid 

compositional changes, we conducted Pearson correlation analyses between OGT and amino acid indices 

for each protein family (Supplementary Figure 6). After Bonferroni correction for multiple tests, a small 

number (range across six indices = 76 - 325) of protein families were identified with statistically 

significant correlations (p < 0.0001). In each case, the enrichment of protein families with significant
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Figure 7. Principle component analysis (PCA) of the aliphatic index of the global protein families.
Average aliphatic index was calculated for each global protein family for each Colwelliaceae genome 
(represented by circles). Figure 6Ais a PCA where each genome circle is color coded according to the 
determined OGT (blue = cold, red = warmer). While Figure 6B is a PCA where the genomes color coded 
to their respective sub-clades as in the figure legend (green = Clade A, orange = Clade B, purple = Clade 
C, black = Other Colwelliaceae
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correlations between amino acid index and OGT followed the same trends as observed in the whole 

genome analysis (Table 3, Supplementary Figure 6). This suggests that future studies may find good 

protein family targets for identifying cold adaption within the Colwelliaceae family (Figure 6A, 

Supplementary Figure 6).

Proteins Associated with Cold Adaptation - Clade A
We explored the possibility that gene complement could contribute to differences in OGT in 

Colwelliaceae by surveying the presence or absence of proteins previously associated with cold 

adaptation (Supplementary Table 1). Different Colwelliaceae clades presented different repertoires of 

proteins associated with cold adaptation (Supplementary Table 4). Clade A2 had substantially different 

OGT from Clade A3 (Mean absolute OGT difference = 5.4 C, Figure 5), and had the lowest mean OGT 

within Clade A. This “colder” clade had 26 and 11 unique global protein families associated with cold 

adaptation (each with one or two homologs) that were absent in Clades A1 and A3, respectively (Table 5, 

Supplementary Table 5). Upon inspection, two of these proteins (DNA Helicase IV, PGF_2272288) and 

Cold Shock Protein of CSP family/DUF1294 domain protein (PFG_00406592) were found to be encoded 

in a putative genomic island in Clade A2 but not Clade A3, its closest relation (Figure 8).

Table 5. Global protein families found in Clade A2 but absent in Clade A3 or Clade A1. Unique global 
protein families whose proteins matched with at least one known protein associated with cold adaptation.

Global Protein Family 
ID

GPF Description Clade A1 or A3
Absence

PGF 00071426 formyl transferase domain protein Clade A3
PGF 00375728 hypothetical protein Both
PGF 00406592 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00421447 ATP-dependent RNA helicase YejH Clade A3
PGF 01776329 hypothetical protein Both
PGF 01776330 hypothetical protein Clade A3
PGF 02272288 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 03821290 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 08123405 hypothetical protein Both
PGF_10106483 Periplasmic ligand-binding sensor domain COG3292 / BaeS-type histidine kinase / OmpR-type 

DNA-binding response regulator
Both

PGF 12908820 Two-component system sensor histidine kinase Both
PGF 00001178 FIG00951615: hypothetical protein Clade A1
PGF 00025686 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00050380 Two-component system sensor histidine kinase Clade A1
PGF 00050903 Sensory box/GGDEF domain protein Clade A1
PGF_00066592 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 

protease (EC 3.4.24.26)
Clade A1

PGF 00071438 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00414880 CBS domain protein Clade A1
PGF 00417760 Choline transporter BetT, short form Clade A1
PGF 00861656 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 01336978 hypothetical protein Clade A1
PGF 02896401 hypothetical protein Clade A1
PGF 03981318 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 04305571 Glycosyltransferase Clade A1
PGF 06502457 hypothetical protein Clade A1
PGF 07849456 Methyl-accepting chemotaxis protein Clade A1
PGF 09434601 hypothetical protein Clade A1
PGF 10514242 CBS domain protein Clade A1
PGF 10652116 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 12133764 hypothetical protein Clade A1
PGF 12765299 Two-component system sensor histidine kinase Clade A1
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Figure 8. Partial genome alignment between closely related clades with different OGTs. Clade A3 (Colwellia Bg11-12, OGT = 12oC). and 
Clade A2 (Colwellia MB02u-11 - Colwellia MB02u-7, OGT range = 6.0oC - 7.2oC) genomes were isolated from Utqiagvik, Alaska and are 
centered at the gene: Regulatory Protein RecX (recX , red). Two adjacent genes that could compose a putative cold adaptation operon include: 
DNA Helicase IV (neon green) and Cold Shock protein of CSP family (purple). Arrow size correlates to the length of the gene (bp) while its 
direction indicates the strand orientation. Matching gene colors and the lines connecting them indicate homologous genes ( i.e. all recX genes are 
connected by a line between genomes)



DISCUSSION

In this study we investigated the genotypic determinants of low temperature growth in clusters of 

closely related bacterial isolates belonging to the family Colwelliaceae. Two strategies were used: 1) 

complete genome sequencing on closely related isolates (>98% 16S rRNA gene identity) and 2) paired 

phenotypic and genotypic analyses. Our genomic analysis revealed high levels of genomic heterogeneity 

within species and provides additional strains that support the re-evaluation of the Colwelliaceae 

phylogeny, supporting the addition of at least one novel genus. We created a new multiple linear 

regression model using three amino acid indices to predict the OGT of Colwelliaceae. These data may aid 

in the development of a more accurate OGT predictions model that includes psychrophiles, which would 

improve upon the previous multiple linear regression model by Sauer et al. (2019).. This study thus 

demonstrates the utility of combining these strategies to address important questions in extremophile 

biology.

Value of multiscale taxonomic sampling
Our first finding was that high 16S rRNA gene identity consistently masked much greater 

variability in both genome content and average nucleotide identity (ANI) within Colwelliaceae. This 

divergence was previously identified among three Colwellia strains in Clade C, where the 16S rRNA gene 

identities were 98.2 - 99.2% but the ANIs were 79.8 - 84.5% (Techtmann et al. 2016). Here we 

demonstrated that this is not an anomalous finding localized to a few strains (Pei et al. 2010; Techtmann 

et al. 2016), but consistent throughout the majority of the family. This implies that the genomes are 

evolving faster than the small ribosomal subunit which the 16S rRNA gene encodes.

Though the strains isolated here have high 16S rRNA gene identities ( > 98% identity) to the 

most closely related type species, their ANI scores were well below a common species delimitation 

threshold of 96% ANI (Richter and Rosselló-Móra 2009; Kim et al. 2014). Jain et al. (2018) reported that 

out of a total 8 billion pairwise genome comparisons, only 0.21% had an ANI between 83 and 95%. In the 

vast majority of cases, genomes from the same species had higher ANIs (≥ 96%), and genomes from 

different species had lower ANIs (≤83%). Therefore, this analysis of the Colwelliaceae family suggests an 

underlying process that introduces genetic diversity at a faster rate than for most bacterial genera. 

Horizontal gene transfer (HGT) is one such mechanism that has been hypothesized to occur at higher 

rates in sea ice due to high cell concentrations (Wells and Deming 2006; Collins and Deming 2011a), 

high virus-to-bacteria ratios (Collins and Deming 2011b), high frequency of plasmid-containing 

microorganisms (Kobori et al. 1984) and large amounts of extracellular DNA (Collins and Deming 

2011b). A thorough analysis exploring the rates of HGT compared to other evolutionary processes in this 

taxonomic group would be beneficial.
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Among extremophiles, only a few other taxa have been investigated at such high phylogenetic 

resolution, including Pseudoalteromonas (Ivanova et al. 2004; Bosi et al. 2017) and Shewanella (Ivanova 

et al. 2004; Zhong et al. 2018; Thorell et al. 2019), with both genera having at least 30 identified different 

species. Similarly to those genera, the Colwelliaceae pangenome (defined here as the complete set of 

orthologous global protein families identified by PATRIC), with our addition of 723 new global protein 

families from 39 new strains, was shown to be far from asymptotic (Supplementary Figure 1). This 

suggests an open pangenome (Bosi et al. 2017) which may be maintained by the ability to occupy new 

habitats, for example, deep hydrocarbon plumes in the Gulf of Mexico (Mason et al. 2014), marine 

sediment (Methe et al. 2005), and sea ice (Bowman et al. 1998), and the introduction of new genes via 

HGT (McInerney et al. 2017). As shown here, sequencing closely related strains can provide important 

indicators of extremophilic survival mechanisms that could otherwise be overlooked. However, our 

addition of 723 new global protein families to the pangenome is a lower quantity than might be expected, 

because of the low diversity of strains isolated within each clade. Similar to the pangenomes of other 

genera such as Pseudoalteromonas (22,530 clusters of orthologous genes, 38 strains, Bosi et al. 2017), 

Shewanella (13,406 clusters of orthologous genes, 24 strains, Zhong et al. 2018), and Glaciecola (17,276 

clusters of orthologous genes, 38 strains, Qin et al. 2014), the Colwelliaceae pangenome (28,561 

PATtyFams, 105 strains) has not reached saturation. Future investigations into gene exchange and 

population genetics within Colwelliaceae should utilize de novo clustering of protein sequences to address 

this discrepancy.

Additions and re-evaluation of the Colwelliaceae taxonomy
This study has elucidated the evolutionary history of Colwelliaceae and contributed to a taxonomic 

understanding of this family by supporting the erection of a novel genus identified by the type species 

Colwellia hornerae (Clade A) and through the genome sequencing of isolates within the clade that may 

belong to multiple novel species (Figure 1). C. hornerea has been hypothesized to be a novel genus based 

on its lack of shared nucleotide residues with other members of the Colwellia genus, along with its deep 

phylogenetic branching and peculiar phenotypic traits (e.g., sensitivity to vibriostatic agent O/129, 

inability to produce chitinase, different pattern of carbohydrate utilization and distinct cellular fatty acid 

composition) (Bowman et al. 1998; Ivanova et al. 2004). Through our addition of 27 newly-sequenced 

strains trains within Clade A, we have reinforced that analysis and recovered the deep phylogenetic 

branching using complete genome sequences rather than individual gene sequences that strongly supports 

this clade as a novel genus (Figure 1). Additionally, intra-clade ANI values of 83.5 - 100 % suggest that 

there may be one or more new species among these newly-sequenced strains (Figure 1).
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Similar findings were identified within Clade B, which has previously been identified as the novel 

genus Cogneticolwellia (Liu et al. 2020). The strains sequenced in this study that cluster phylogenetically 

with Cognaticolwellia had a mean ANI value of 79.5% with existing Cognaticolwellia species that had a 

mean intra-genus ANI of 78.7% (Liu et al. 2020). Additionally, these new strains had an intra-strain ANI 

range of 83.5 - 90.6%, suggesting the sequencing of one or two new species within Cogneticolwellia. 

While the explication of these taxonomic revisions is beyond the scope of this thesis, our contribution of 

these novel genomes to public databases will allow experts in the community to make rapid progress in 

the taxonomic revision of this group.

Implications of temperature growth physiology of Colwelliaceae clades
While known primarily for low-temperature growth, the family Colwelliaceae includes 

psychrotolerant, psychrophilic, and mesophilic species (Jung et al. 2006). An outstanding question in 

marine microbiology is how temperature-response curves vary across taxa, and how to account for that 

variation in ecological models. This type of analysis is particularly important in light of rising ocean 

temperatures because most organisms exhibit asymmetric responses to temperature on either side of the 

OGT, with slow steady decreases in growth rate at lower temperatures and abrupt declines in growth rate 

above the OGT. As a result, microorganisms that currently grow close to their OGT in marine 

environments may be the most susceptible to warming events, while microorganisms that currently grow 

at temperatures far below their OGT may benefit from warming.

Angilletta et al. (2003) suggested that optimization processes between phenotypes - such as 

maximum growth rate and temperature niche width - should apply in ectotherms as a result of either 

allocation tradeoffs, acquisition tradeoffs, or specialist-generalist tradeoffs. However, within the 

Colwelliaceae tested here, we failed to detect a tradeoff between low temperature growth (at -1 C) and 

high temperature growth (17 C), with all strains growing about equally well at subzero temperatures 

close to the in situ temperature from which they were isolated. For example, Colwellia Bg11-12 (OGT = 

12 C, Table 2) grew at comparable rates to other strains at low temperatures (~1.3 day-1 at -1 C, Table 

2), but grew much faster at warmer temperatures (~2.4 day-1 at 17 C, Table 2, Figure 3).

In addition to the maximum growth rates being different between clades, the variability of the 

shape of the temperature response curves also differed by phylogeny (Figure 3). Both the median set of 

Ratkowsky fit parameters for each clade, as well as all other possible sets, produced via the Monte Carlo 

method were used to compare the curves of temperature response by phylogeny in order to identify 

substantial differences (Supplementary Figure 3). When comparing two closely related clades, Clade A2 

and Clade A3 (i.e., Colwellia Bg11-12), the differences in temperature response were most noticeable 

above 5C, where the best-fit curves did not overlap (Figure 5, Supplementary Figure 3). Whereas the 
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strain from Clade A3 grew faster at temperatures greater than 5 oC and is likely to be psychrotolerant 

strains within Clade A2 grew more slowly at temperatures above 5oC and are likely to be psychrophilic 

(Figure 3). Though we observed substantial differences in phenotypes across clades, including the 

maximum growth rate, which was lower in the psychrophiles than in the psychrotolerant strains, we were 

unable to differentiate among the three optimization processes suggested by Angilletta et al. (2003). 

Possible tradeoffs for each process include: an allocation of resources towards EPS production instead of 

growth within the sea ice brine matrix (Marx et al. 2009; Ewert and Deming 2013), energetic expenditure 

towards the production extracellular enzymes for the acquisition of dissolved organic matter from 

particulate organic matter in sea ice (Huston et al. 2000), and the possibility that adaptation to high 

salinity in colder parts of the sea ice leads to a specialization that restricts growth rate at higher 

temperatures in sea ice specialists (Nichols et al. 2000).

The physiological differences between psychrotolerant and psychrophilic clades may be linked to 

their preferred environmental niches. During sea ice formation, microbes from underlying seawater are 

entrained within brine inclusions in the ice, after which they are subjected to increasingly extreme 

conditions of low temperature and high salinity over the course of the winter (Collins et al. 2010). In the 

Weddell Sea, psychrotolerant organisms are most abundant in young first-year pancake sea ice while 

obligate psychrophiles were most abundant in winter sea ice (Grossmann and Dieckmann 1994; Helmke 

and Weyland 1995), suggesting a selective effect of extreme conditions. We isolated both psychrotolerant 

(e.g., Clade A3) and psychrophilic strains (e.g., Clade A2) in the same 1.5-m thick early-spring (April) ice 

cores, suggesting that both types survived the harsh winter conditions. Considering that most of the 

strains had similar growth rates at sub-zero ice temperatures and only diverged at temperatures greater 

than 5C, how can we explain these differences in growth response to temperature? We hypothesize that 

these differences are not due to selection within the ice, but due to selection during the warmer summer 

months. At above-optimal temperatures, the strict psychrophile, Colwellia psychrerythraea 34H, exhibits 

depressed metabolic pathways (Czajka et al. 2018) and chemotaxis (Showalter and Deming 2018). This 

suggests that the psychrophilic clades of Colwelliaceae may preferentially select a sea ice environment, 

while psychrotolerant clades may be better adapted to pelagic lifestyle, and only opportunistically inhabit 

sea ice. In addition, the reduction of sea ice extent and predicted ice free summers will result in a 

diminished sea ice environment for psychrophilic organisms. Thus, a loss of sea ice may result in a 

decrease of bacterial diversity within the Arctic.

However, while our study focuses on growth rates as a function of temperature, the physical 

parameters within the sea ice environment are much more complex, and there may be additional tradeoffs 

between temperature and other environmental factors (Barton and Yvon-Durocher 2019, Figure 4).
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Salinity is a major component of sea ice seasonal growth dynamics and is linked to temperature. 

Considering both temperature and salinity gradients could shed further light on our hypothesis that 

psychrophilic and psychrotolerant strains preferentially select different environments and may clarify the 

lack of temperature niche separation in this study. Furthermore, a relationship between temperature and 

osmolarity may be reflected in the genetic code of sea ice organisms. For example, the halotolerance of 

proteins, (e.g., alpha amylase, Srimathi et al. 2007), may co-evolve as a side effect of adaptations to 

psychrophily. Future growth experiments that consider salinity and temperature gradients across the 

Colwelliaceae family could help to elucidate whether there are tradeoffs in terms of maximum growth 

rate and niche width with respect to co-adaptation to high salinity and low temperature.

Pomeroy and Wiebe (2001) suggested that heterotrophic bacteria in the Arctic generally live at 

temperatures that are well below their temperature optima. Current average annual Arctic sea surface 

temperatures are ≈ 1C (Bulgin et al. 2020) and are predicted to increase up to an annual average of ≈ 6C 

(Ruela et al. 2020) by the end of the century. As the oceans warm, psychrotolerant clades with high 

growth rates, such as Clade A3, might thrive under warming conditions and potentially outcompete the 

strict psychrophiles, which may be pushed towards extinction by ever-higher temperature extremes. 

Possible effects of such a shift in species composition are hard to predict, but temperature and substrate 

availability both contribute to limiting bacterial growth at low temperatures (Pomeroy and Wiebe 2001; 

Kirchman et al. 2009). In a global review of bacterial production, Kirchman et al. (2009) found 

significantly lower values in the western Arctic compared to more temperate regions due to low 

temperature and extremely low concentrations of DOM, suggesting that below 4 C only 20% of the 

variability in bacterial growth rate can be explained by temperature, with the other 80% likely linked to 

DOM concentration. DOM concentrations in the Arctic ocean, unlike other oceans, are heavily influenced 

by refractory terrestrial DOC, which does not support much microbial growth due to its long turnover 

time (Kirchman et al. 2009). Since very little labile DOC is available for bacterial growth, only in the case 

of increased primary production as a result of Arctic warming - and a subsequent increase in DOM 

production - would we expect copiotrophic bacteria like Colwelliaceae to increase in abundance and 

stimulate the microbial loop. Though we confirm that some heterotrophic bacteria in the Arctic are 

growing well below their temperature optima, without a subsequent increase in primary production it is 

unlikely that warming ocean conditions alone will cause significant impacts on the microbial loop and the 

carbon cycle as a result of changes in bacterial growth rate.

Amino acid index correlations to OGT
We further assessed physiological differences within the Colwelliaceae family by investigating 

six amino acid indices mechanistically linked to cold adaption through changes in protein flexibility 
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(Grzymski et al. 2006). All six indices were significantly correlated to OGT on a genome level across the 

whole family (p < 0.05, Figure 6, Table 3), although not necessarily in the expected direction based on the 

mechanistic understanding, which predicts a positive relationship between each index and OGT. Out of 

the six indices, GRAVY and the aliphatic index displayed negative correlations to OGT across the entire 

family (Table 3), contrary to the expected correlation with temperature (Ikai 1980; Metpally and Reddy 

2009; Goordial et al. 2016; Raymond-Bouchard et al. 2018a). Although these amino acid indices were 

treated as independent measures in this study, their underlying molecular principles are not independent. 

For example, the negative correlation between GRAVY and OGT indicated the presence of more 

hydrophobic amino acids in genomes adapted to lower temperatures, driven by a greater abundance of 

short-chain hydrophobic aliphatic amino acids, which were also shown to have a negative correlation with 

OGT (Table 3). A negative correlation of the aliphatic index, which is contrary to the expected molecular 

mechanism (Table 3), could also point to a tradeoff or substitution between certain amino acids in favor 

of small-side-chain amino acids. An increase in small, short-chained amino acids has also been shown to 

maintain the flexibility of enzymes in psychrophiles at low temperature, for example by substituting for 

larger amino acids like proline (Feller et al. 1994). Another explanation for this greater proportion of 

aliphatic amino acids at low temperatures is that they are substituting for bulkier aromatic amino acids. 

Indeed, a reduction in aromatic-aromatic interactions has been shown in multiple psychrophilic bacteria to 

contribute to low stability and maintain protein flexibility at low temperatures (Davail et al. 1994; Feller 

et al. 1994).

Contrary to the correlations within the whole family, not all amino acid indices on a genome level 

by clade were significantly correlated with OGT (p < 0.05, Table 3). Clades A and C had correlations that 

deviated from those found for the Colwelliaceae family as a whole (Table 3). For example, the 

aromaticity index in Clade A was negative (Table 3), indicating that strains with a lower OGT had a 

greater proportion of the bulkier amino acids that could promote thermo-stabilization due to increased 

aromatic interactions (Arpigny et al. 1997; Ramli et al. 2012). However, as the GRAVY index indicated 

low hydropathy at low temperature within this Clade (Table 3), it is possible that that this anomalous 

correlation could be derived from aromatic amino acid substitutions. A similar phenomenon occurred in a 

halophilic and psychrotolerant bacteria, Halorubrum lacusprofundi (DasSarma et al. 2013), where the 

more hydrophobic amino acid, phenylalanine, was found to be substituted with its more hydrophilic 

aromatic counterpart, tyrosine, as the latter is preferred for greater catalytic enzyme activity in colder 

environments (Kashif et al. 2017). Within Clade C, five out of six amino acid indices were not 

significantly correlated to OGT (Table 3), but the statistical tests were limited by a small sample size due 

to a lack of physiological data (n= 10). The one amino acid index that demonstrated a significant positive 

correlation with OGT within this clade was the acidic residue proportion (Table 3), an indicator of

27



reduced salt bridge formation, which increases protein flexibility (Ayala-del-Rio et al. 2010; De Maayer 

et al. 2014). Clade B demonstrated similar correlation patterns found in the entire Colwelliaceae family, 

where the two amino acid indices that had negative correlation directions that were opposite to the 

expected were also GRAVY and the aliphatic index (Table 3). The lack of consistent amino acid index 

correlation patterns between clades suggests that these taxa may have near-optimal proteomes for cold 

adaptation, and that differences among clades represent adaptation to other criteria.

Through a stepwise AIC optimization, the best multiple linear regression model (R2 = 0.62) 

combined GRAVY, the aliphatic index, and the acidic residue fraction with the slope direction of the 

aliphatic index component being the same (negative) and the slope of the GRAVY component being 

consistent with its molecular mechanism (Table 4). This gives strength to our hypothesis that there may 

be a tradeoff, where bulkier acidic amino acids (aspartic acid and glutamic acid) are being substituted by 

short-chained aliphatic residues, thereby increasing the flexibility of the proteins. This multiple linear 

regression model of OGT as a function of amino acid indices improves upon the state-of-the-art linear 

model of Sauer et al. (2019), which had an RSME of 5.17C compared to our model, which had an RSME 

of 4.6C. This model could be used as both an initial predictive OGT model for new environmental 

genomes from the Colwelliaceae family, and as a foundation to improve OGT predictive modeling for 

psychrophiles and metagenome-assembled genomes.

Some of the correlations we observed between amino acid indices and thermal adaptation are 

inconsistent with the paradigms in the literature. Here we suggest that the relationship between amino 

acid indices and temperature adaptation may vary taxonomically and should not be generalized for all 

psychrophiles. For instance, GRAVY was shown not to be correlated with cold adaptation in the 

eurypsychrophile, Rhodococcus sp. JG3 (Goordial et al. 2016). However, it was shown, along with the 

aliphatic index, to be negatively correlated with hydrophobic amino acid interactions which can increase 

protein core flexibility (Grzymski et al. 2006). One limitation of our results is that we did not consider the 

locations of the amino acid substitutions within the protein structure (surface vs. buried) that can impact 

the flexibility of the protein (Bowman 2013). Methe et al. (2005) found that surface-exposed histidine, 

aspartate, and arginine were found in significantly lower proportions in psychrophilic proteins compared 

to mesophilic while serine was found in higher proportions. However, looking at the complete dataset, 

only serine was found to be significant and was in greater proportion in psychrophilic proteins compared 

to mesophilic proteins. Our findings are consistent with the results of Methe et al. (2005) in that two of 

the amino acid composition indices we used are closely related to amino acids identified as important by 

Methe et al. (2005). In particular, the acidic residue proportion, which measures the proportion of 

aspartate plus glutamate, was negatively correlated to OGT, indicating a lower proportion of acidic amino 
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acids in psychrophilic genomes, consistent with Methe et al. (2005). Similarly, we found a negative 

correlation between OGT and the arginine-lysine ratio, which measures the relative abundance of arginine 

compared to lysine; likewise, Methe et al. (2005) found surface-exposed arginine in lower proportions in 

psychrophilic proteins. However, due to the extremely limited number of protein structures available for 

environmental microorganisms like Colwelliaceae, this tradeoff allows more widespread application of 

our results.

Possible operon identified as a candidate for low temperature adaptation
We analyzed the presence or absence of protein families that are linked with cold adaptation to 

identify possible underlying genetic causes for the OGT disparity between two closely related clades with 

surprisingly different OGTs (Clade A2 and Clade A3; Table 5). Two putative protein coding genes 

(encoding a DNA helicase and a cold shock protein) were found to be adjacent in the genomes of all 

members of Clade A2 (Figure 7). Cold-shock proteins and some helicases respond to decreases in 

temperature by stabilizing secondary structures of RNA and DNA (Phadtare 2004). Other genes found in 

close proximity to these genes include those encoding for DNA Repair Protein (RadA) and Regulatory 

Protein (RecX) (Figure 7). RadA has been shown to promote DNA recombination and repair to protect 

the integrity of the genome (Phadtare 2012; Liu et al. 2014).

This putative operon is adjacent to a gene that codes for a transposase (PGF_03825568, Figure 7), 

which is an enzyme that facilitates the movement of mobile genetic elements within genomes but has also 

been used as a proxy to detect areas of horizontal gene transfer (Cuecas et al. 2017). Horizontal gene 

transfer is the transfer of DNA sequences between organisms by mechanisms other than vertical 

replication, and has previously been identified as a transmission mechanism for freeze tolerance genes, 

such as antifreeze proteins (Kiko 2010), in metazoans and ice algae. Among nine genera within the 

Alteromonadales that have at least 20 high-quality genomes in PATRIC, the genus Colwellia had a 

typical median number of transposases per genome (13) that was lower than those of Shewanella (18) and 

Psychromonas (14), equivalent to those of Moritella, Pseudoalteromonas, and Marinobacter, and higher 

than those of Alteromonas (11), Glaciecola (10), and Idiomarina (6). Along with the insertion of novel 

DNA sequences into new genomes, transposons can integrate and rearrange genes in the host cell from 

the incoming genes introduced via three primary HGT mechanisms: conjugation, transduction, and 

transformation. Each mechanism involves a specific type of exogenous DNA (conjugative plasmids, 

transducing phage, and extracellular DNA, respectively) that may encode transposons in addition to other 

genes.

Conjugation is a process whereby DNA is transferred via physical contact between a donor and 

recipient (Lederberg and Tatum 1946) cell pulled together by a pilus; the DNA transferred is in the form 
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of either conjugative plasmids or conjugative transposons (Scott and Churchward 1995; Ochman et al. 

2000; Burrus et al. 2002). This mechanism, whose frequency in the environment is directly proportional 

to the concentration of donor cells (Frischer et al. 1994; Droge et al. 1998), inherently requires the 

presence of both donor bacteria and conjugative plasmids or conjugative transposons in order to occur. 

Sea ice could provide an environment for both these conditions to be met. For example, in Antarctica, 

conjugative plasmids have been shown to be more abundant in sea ice compared to the underlying waters 

(Kobori et al. 1984). Furthermore, in the Arctic Ocean, there are significantly more bacteria in late season 

autumn sea ice than the underlying seawater (Collins and Deming 2011a). However, we did not observe 

plasmids in our genomes, and were unable to locate any within the Colwelliaceae family, though plasmids 

have been previously constructed using Colwellia DNA (Peoples et al. 2020). In addition, the transposase 

was not annotated by PATRIC as a member of a conjugative transposon family (Rice 1998; Burrus et al. 

2002), making the possibility that this putative operon was transferred by conjugation unlikely.

Transposons can also be a part of the genetic segments transferred horizontally between genomes 

by transducing phage through, the HGT mechanism known as transduction (Hahn et al. 1991; Zaneveld et 

al. 2008). A high abundance of viruses is observed in sea ice compared to the underlying seawater 

(Maranger et al. 1994; Gowing et al. 2002, 2004; Wells and Deming 2006), with preferential entrainment 

into sea ice (Collins and Deming 2011b). A number of phage are known from sea ice ecosystems (Borriss 

et al. 2003) and within the Colwelliaceae, including two cultured phages, Colwellia phage 9A (Colangelo- 

Lillis and Deming 2013) and Thalassomonas phage BA3 (Efrony et al. 2009), and two uncultured 

filamentous phages integrated into the Colwellia psychrerythraea 34H genome (Methe et al. 2005). 

Within the Clade A2 strains described here, each genome encoded six to seven phage integrase proteins. 

However, not all phages are capable of transduction. Colwellia phage 9A encodes a chromosomal gene 

from its host's genome (nrdA/B), but has not been shown experimentally to transfer DNA between hosts 

(Colangelo-Lillis and Deming 2013). Thalassomonas phage BA3 was isolated in the Caribbean (Gardner 

et al. 2003; Efrony et al. 2009), but it is unknown how endemic or cosmopolitan this or other phages of 

Colwelliaceae may be. While viruses are abundant and actively produced in sea ice (Wells and Deming 

2006; Collins and Deming 2011b), we do not know of any sea ice specific transducing phages at this 

time.

Natural transformation, the last mechanism of HGT, is the uptake and possible incorporation into the 

genome of free or environmental DNA (eDNA) that can be shed by other bacteria via lysis (Avery et al. 

1944; Blokesch 2016) and by which transposons can be disseminated (Domingues et al. 2012). Each of 

the strains in Clade A2 encoded 15 genes necessary for Type IV pili production, which can be used for 

DNA uptake via transformation (Averhoff and Friedrich 2003). Sea ice may be an optimal environment 
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for this mechanism because: 1) the frequency of transformation is directly proportional to the 

concentration of free DNA (Frischer et al. 1993; Sikorski et al. 1998), and eDNA enriched first year arctic 

sea ice (Collins and Deming 2011a) may increase the chances of the mechanism occurring, 2) high 

osmolarity found within sea ice brine may enhance the frequency of transformation (Romanowski et al. 

1991; Paget et al. 1992), and 3) transformation is 50 times more efficient at a solid-liquid interface than 

only within liquid (Lorenz et al. 1988). These reasons make sea ice, from which the strains in this study 

were isolated, a potentially favorable environment for transformation. In addition to outer conditions 

affecting the frequency of natural transformation, internal factors, such as the presence or absence of 

certain proteins, are crucial for the successful transfer of eDNA into the donor. Some of these factors 

include recombinase enzymes (RecA, RecX) and proteins required for Type IV pilus production that can 

be used to take up DNA from the environment via natural transformation (Averhoff and Friedrich 2003). 

Each of the strains in Clade A2 encoded 15 genes necessary for Type IV pili production, suggesting that 

they can produce these pili. These genomes also encode RecA and RecX that are instrumental in the 

homologous recombination of transferred DNA into the host chromosome (Le et al. 2017; Sun 2018). 

Intriguingly, in Clade A2 strains, RecX was encoded adjacent to the putative horizontally transferred 

operon, suggesting a possible linkage with this mechanism of HGT.

A successful HGT event depends not only on the recipient, but also on the heritability of the 

sequence, an important factor when considering HGT mechanisms between closely and distantly related 

species (Ochman et al. 2000; Zaneveld et al. 2008). In addition to being transferred into a cell via any of 

the three mechanisms of HGT, transposons could also help in overcoming limitations that are associated 

with the expression and replication of horizontally transferred DNA (Ochman et al. 2000). Incorporation 

of the genes into the chromosome could occur through the presence of encoded integrons that are mobile 

genes capable of replication and are integrated behind a host-compatible promoter (Nesvera et al. 1998; 

Zaneveld et al. 2008). The presence of numerous transposases, and the insertion of foreign DNA via HGT 

in Colwelliaceae, may help explain why closely related genomes have different OGTs. To test the effects 

that each of these proteins have in determining OGT and cold adaptation would require a molecular 

genetic experiment, like mutagenesis or a gene knock-out experiment, which were beyond the scope of 

this work.

CONCLUSION

Using the family Colwelliaceae as representative cold adapted heterotrophic marine bacteria, we 

predict possible shifts in microbial community composition towards more psychrotolerant taxa in a 

warming Arctic environment. Thus, a warming and sea ice free summer may lead to a decrease in 
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diversity due to potential increased abundance of psychrotolerant organisms. However, our clades' 

highest growth rates were observed at warmed ocean temperatures (> 5oC), thus implying, that without 

carbon limitation, bacterial communities could thrive in a warming Arctic. This bacterial response could 

potentially enhance the microbial loop and has broader implications for the Arctic carbon cycle. Our 

predictive model of OGT based solely on cold adaption associated amino acid index could be used to 

predict the OGT of Colwelliaceae metagenome assembled genomes given not only fully sequenced 

genomes but possibly partially sequenced genomes. However, the ability to predict cold adaptation has 

been shown to also be linked to specific genes and not just amino acid ratios, as our identification of a 

putative cold adaptation operon suggests. In addition to climate change predictions, our findings could 

provide additional data to support studies of how microbial life may be sustained on extra-terrestrial icy 

bodies.
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APPENDIX
Supplementary Table 1. Summary of genes associated with cold adaptation found in Colwelliaceae 
through a literature compilation.

Gene Description Gene 
name

Source

Peroxiredoxin Goordial et al. 2016
Peroxiredoxin, Ohr subfamily Ohr
Peroxiredoxin, OsmC subfamily OsmC
Phage shock protein A PspA
Phage shock protein C PspC
Universal stress protein UspA
Cold-Shock protein/Cold Shock protein of CSP family / 
DUF1294 domain

cspA

Cold-Shock protein cspC
Cold-Shock inducible/Cold Shock protein of CSP family / 
DUF1294 domain

cspB Gualerzi et al. 2003

Cold shock protein homologue, cold-inducible; function cspG
Cold shock protein, cold shock-inducible; function cspl
Cold-active aminopeptidase ColAP Huston et al. 2004
ATP-dependent RNA helicase, facilitates translation of 
mRNAs with 59 secondary structures

deadD Lim et al. 2000

Serine hydroxymethyltransferase glyA Methe et al. 2005
formyltetrahydrofolate deformylase purU
fatty acid cis/trans isomerase
beta-ketoacyl-ACP synthase family protein
1-acyl-sn-glycerol-3-phosphate acyltransferase
1-acyl-sn-glycerol-3-phosphate acyltransferase, putative
cold-shock DNA-binding domain family protein
ATP-dependent helicase
ATP-dependent DNA helicase, putative
ribosome modulation factor
transcription termination factor Rho
transcription termination factor Rho, putative
RNA-binding protein
Cold-active serine alkaline protease Santiago et al. 2016
Cold-active alkaline serine protease
Ca2+dependent protein MpAFP Vance et al. 2019
histidine kinase CheA Wuichet et al. 2007
3'-5' exoribonuclease; component of RNA degradosome pnp Yamanaka and Inouye 2001
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Supplementary Table 2. Phylogenetic cluster summary for novel Colwelliaceae strains

Assigned
Clade

Clade
Representative

Strain

Closest
Genome by

Average 
Nucleotide

Identity (ANI)

Single closest 16S
Blast Hit 

(species, type strain, 
accession number, 
percent identity)

Clade Strains

Clade A1 Colwellia MB3u-55 Colwellia 
hornerae
ACAM 607
(90.04% ANI)

Colwellia hornerae
IC035 (T)
(NR_104941.1)
99.93% identity

Colwellia BRX10.1
Colwellia BRX10.5
Colwellia BRX10.7
Colwellia BRX10.2
Colwellia BRX8.8
Colwellia BRX8.4
Colwellia BRX9.1
Colwellia BRX8.5
Colwellia BRX8.3
Colwellia BRX8.2
Colwellia BRX8.6
Colwellia BRX8.9
Colwellia BRX10.6
Colwellia BRX10.9
Colwellia BRX8.7
Colwellia BRX10.4

Clade A2 Colwellia MB02u-14 Colwellia
hornerae IC036
(83.8% ANI)

Colwellia hornerae
IC035 (T)
(NR_104941.1)
99.59% identity

Colwellia MB3u-41
Colwellia MB3u-28
Colwellia MB3u-64
Colwellia MB3u-22
Colwellia MB3u-11
Colwellia MB02u-7

Clade A3 Colwellia Bg11-12 Colwellia
hornerae IC037
(83.8% ANI)

Colwellia hornerae
IC35 (T) 
(NR_104941.1) 
99.52% identity

N/A (N=1)

Clade B1 Colwellia MB3u-43 Colwellia 
beringensis
NB097-1 
(82.5% ANI)

Colwellia beringensis
NB097-1 (T)
(NR_159245.1)
98.77% identity

Colwellia MB02u-19
Colwellia MB3u-43
Colwellia MB02u-12
Colwellia MB02u-18
Colwellia MB02u-45
Colwellia MB02u-1
Colwellia MB3u-4
Colwellia MB02u-9
Colwellia MB3u-70
Colwellia MB3u-8
Colwellia MB02u-10
Colwellia MB02u-6

Clade B2 Colwellia BRX10.3 Colwellia 
beringensis
NB097-1 
(85.8 % ANI)

Colwellia beringensis
NB097-1 (T)
(NR_159245.1)
98.7% identity

N/A (N=1)

Clade C Colwellia Bg11-28 Colwellia
psychrerythraea
34H
(98.44% ANI)

Colwellia
psychrerythraea
ATCC 27364 (T)
(NR_037047.1)
98.69% identity

N/A (N=1)
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Supplementary Table 3. Growth rates (GR) of 39 Colwelliaceae strains.

Strain Name Clade Avg. GR 
(d-1 ) at -1C

Avg. GR 
(d-1 ) at 4C

Avg. GR 
(d-1 ) at 11C

Avg. GR 
(d-1 ) at 17C

Colwellia Bg11-12 A3 1.3 ± 0.12 2.1 ± 0.072 2.8 ± 0.06 2.4 ± 0.2
Colwellia Bg11-28 C 1.4 ± 0.091 1.8 ± 0.18 2.5 ± 0.15 0.79 ± 0.2
Colwellia BRX10.1 A1 1.6 ± 0.1 1.9 ± 0.17 2.2 ± 0.074 1.6 ± 0.29
Colwellia BRX10.2 A1 1.5 ± 0.21 2 ± 0.22 2.2 ± 0.074 1.3 ± 0.04
Colwellia BRX10.3 B2 0.96 ± 0.087 0.96 ± 0.28 1.2 ± 0.084 1.2 ± 0.088
Colwellia BRX10.4 A1 1.2 ± 0.28 1.5 ± 0.29 1.6 ± 0.37 0.25 ± 0.096
Colwellia BRX10.5 A1 1.5 ± 0.2 1.6 ± 0.16 1.9 ± 0.13 1.3 ± 0.071
Colwellia BRX10.6 A1 1.9 ± 0.21 1.9 ± 0.18 2.2 ± 0.4 1.5 ± 0.18
Colwellia BRX10.7 A1 1.4 ± 0.18 1.7 ± 0.25 2.1 ± 0.097 1.4 ± 0.16
Colwellia BRX10.9 A1 2 ± 0.091 2.6 ± 0.078 2.9 ± 0.11 1.8 ± 0.31
Colwellia BRX8.2 A1 1.7 ± 0.11 1.9 ± 0.23 2.1 ± 0.2 1 ± 0.067
Colwellia BRX8.3 A1 1.5 ± 0.14 1.8 ± 0.2 2 ± 0.11 1 ± 0.056
Colwellia BRX8.4 A1 1.3 ± 0.13 1.5 ± 0.085 1.6 ± 0.088 1.6 ± 0.23
Colwellia BRX8.5 A1 1.8 ± 0.25 1.8 ± 0.23 2.3 ± 0.14 1.2 ± 0.14
Colwellia BRX8.6 A1 1.5 ± 0.056 1.8 ± 0.1 2.1 ± 0.092 1.3 ± 0.13
Colwellia BRX8.7 A1 1.6 ± 0.099 2.2 ± 0.062 2.6 ± 0.062 1.7 ± 0.15
Colwellia BRX8.8 A1 1.7 ± 0.085 2.1 ± 0.16 2 ± 0.13 1.9 ± 0.07
Colwellia BRX8.9 A1 1.8 ± 0.13 2 ± 0.18 1.9 ± 0.2 1.1 ± 0.1
Colwellia BRX9.1 A1 1.6 ± 0.19 1.9 ± 0.24 2.3 ± 0.12 1.2 ± 0.035
Colwellia MB02u-1 B1 1.6 ± 0.15 1.8 ± 0.095 1.6 ± 0.19 1.1 ± 0.19
Colwellia MB02u-10 B1 1.7 ± 0.14 2.1 ± 0.061 1.9 ± 0.21 0.27 ± 0.1
Colwellia MB02u-11 A2 1.3 ± 0.2 1.9 ± 0.059 1.6 ± 0.17 0.1 ± 0.062
Colwellia MB02u-12 B1 1.4 ± 0.054 1.6 ± 0.16 1.6 ± 0.12 0.57 ± 0.44
Colwellia MB02u-14 B2 1.4 ± 0.13 2.1 ± 0.22 1.9 ± 0.22 0.25 ± 0.11
Colwellia MB02u-18 B1 1.4 ± 0.12 1.5 ± 0.12 1.7 ± 0.16 0.92 ± 0.45
Colwellia MB02u-19 B1 1.4 ± 0.1 1.7 ± 0.1 1.6 ± 0.094 0.8 ± 0.43
Colwellia MB02u-6 B1 1.4 ± 0.17 1.8 ± 0.29 1.5 ± 0.27 0.17 ± 0.21
Colwellia MB02u-7 A2 1.5 ± 0.14 2 ± 0.23 1.1 ± 0.21 0.13 ± 0.088
Colwellia MB02u-9 B1 1.6 ± 0.081 1.7 ± 0.094 1.6 ± 0.28 0.44 ± 0.17
Colwellia MB3u-22 A2 1.3 ± 0.11 1.8 ± 0.12 1.1 ± 0.26 0.08 ± 0.049
Colwellia MB3u-28 A2 1.3 ± 0.11 1.7 ± 0.2 1.2 ± 0.19 0.28 ± 0.091
Colwellia MB3u-4 B1 1.4 ± 0.15 1.5 ± 0.055 1.3 ± 0.17 0.33 ± 0.071
Colwellia MB3u-41 A2 1.5 ± 0.13 1.7 ± 0.22 1.2 ± 0.29 0.24 ± 0.074
Colwellia MB3u-43 B1 1.5 ± 0.084 1.6 ± 0.12 1.5 ± 0.07 0.62 ± 0.11
Colwellia MB3u-45 B1 1.3 ± 0.082 1.6 ± 0.084 1.7 ± 0.062 0.55 ± 0.11
Colwellia MB3u-55 A1 1.1 ± 0.03 1.9 ± 0.036 2.4 ± 0.12 0.45 ± 0.14
Colwellia MB3u-64 A2 1.2 ± 0.13 1.9 ± 0.14 0.9 ± 0.23 0.55 ± 0.41
Colwellia MB3u-70 B1 1.1 ± 0.1 1.5 ± 0.25 1.4 ± 0.21 0.43 ± 0.32
Colwellia MB3u-8 B1 1.4 ± 0.076 1.5 ± 0.054 1.7 ± 0.064 0.43 ± 0.066
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Supplementary Table 4. Differential cold-adaptive protein families with genome ID present in Clade A2 
but absent in Clade A3 or Clade A1

Global Protein 
Family (GPF)

Genome ID GPF Description Clade A1 or
A3
Absence

PGF 00001178 28228.179 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.163 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.166 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.174 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.168 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.175 FIG00951615: hypothetical protein Clade A1
PGF 00001178 28228.173 FIG00951615: hypothetical protein Clade A1
PGF 00025686 28228.166 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.174 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.168 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.175 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.173 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.179 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00025686 28228.163 Nitrate ABC transporter, ATP-binding protein Clade A1
PGF 00050380 28228.168 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.179 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.166 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.163 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.173 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.175 Two-component system sensor histidine kinase Clade A1
PGF 00050380 28228.174 Two-component system sensor histidine kinase Clade A1
PGF 00050903 28228.173 Sensory box/GGDEF domain protein Clade A1
PGF 00050903 28228.174 Sensory box/GGDEF domain protein Clade A1
PGF 00050903 28228.168 Sensory box/GGDEF domain protein Clade A1
PGF 00050903 28228.175 Sensory box/GGDEF domain protein Clade A1
PGF 00050903 28228.179 Sensory box/GGDEF domain protein Clade A1
PGF 00050903 28228.166 Sensory box/GGDEF domain protein Clade A1
PGF_ 00066592 28228.166 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 

protease (EC 3.4.24.26)
Clade A1

PGF_ 00066592 28228.168 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF_ 00066592 28228.175 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF_ 00066592 28228.179 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF_ 00066592 28228.163 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF_ 00066592 28228.174 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF_ 00066592 28228.173 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc 
protease (EC 3.4.24.26)

Clade A1

PGF 00071438 28228.173 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.179 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.166 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.168 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.175 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.163 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00071438 28228.174 Bacterial leucyl aminopeptidase (EC 3.4.11.10) Clade A1
PGF 00375728 28228.173 hypothetical protein Both
PGF 00375728 28228.163 hypothetical protein Both
PGF 00375728 28228.168 hypothetical protein Both
PGF 00375728 28228.175 hypothetical protein Both
PGF 00375728 28228.166 hypothetical protein Both
PGF 00414880 28228.179 CBS domain protein Clade A1
PGF 00414880 28228.174 CBS domain protein Clade A1
PGF 00414880 28228.168 CBS domain protein Clade A1
PGF 00414880 28228.175 CBS domain protein Clade A1
PGF 00414880 28228.166 CBS domain protein Clade A1
PGF 00414880 28228.173 CBS domain protein Clade A1
PGF 00414880 28228.163 CBS domain protein Clade A1
PGF 00417760 28228.179 Choline transporter BetT, short form Clade A1
PGF 00417760 28228.166 Choline transporter BetT, short form Clade A1
PGF 00417760 28228.174 Choline transporter BetT, short form Clade A1
PGF 00417760 28228.173 Choline transporter BetT, short form Clade A1
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Supplementary Table 4, continued
PGF 00417760 28228.163 Choline transporter BetT, short form Clade A1
PGF 00417760 28228.168 Choline transporter BetT, short form Clade A1
PGF 00417760 28228.175 Choline transporter BetT, short form Clade A1
PGF 00861656 28228.179 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.166 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.174 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.163 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.175 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.168 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 00861656 28228.173 Choline dehydrogenase (EC 1.1.99.1) Clade A1
PGF 01336978 28228.163 hypothetical protein Clade A1
PGF 01336978 28228.175 hypothetical protein Clade A1
PGF 01336978 28228.173 hypothetical protein Clade A1
PGF 01336978 28228.179 hypothetical protein Clade A1
PGF 01336978 28228.166 hypothetical protein Clade A1
PGF 01336978 28228.174 hypothetical protein Clade A1
PGF 01336978 28228.168 hypothetical protein Clade A1
PGF 01776329 28228.175 hypothetical protein Both
PGF 01776329 28228.173 hypothetical protein Both
PGF 02896401 28228.173 hypothetical protein Clade A1
PGF 02896401 28228.163 hypothetical protein Clade A1
PGF 02896401 28228.175 hypothetical protein Clade A1
PGF 02896401 28228.179 hypothetical protein Clade A1
PGF 02896401 28228.166 hypothetical protein Clade A1
PGF 02896401 28228.168 hypothetical protein Clade A1
PGF 02896401 28228.174 hypothetical protein Clade A1
PGF 03821290 28228.168 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.175 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.173 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.174 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.166 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.163 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03821290 28228.179 Response regulator c-di-GMP phosphodiesterase, RpfG family Both
PGF 03981318 28228.163 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.173 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.166 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.168 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.179 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.175 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 03981318 28228.174 Ferric iron ABC transporter, ATP-binding protein Clade A1
PGF 04305571 28228.174 Glycosyltransferase Clade A1
PGF 04305571 28228.166 Glycosyltransferase Clade A1
PGF 04305571 28228.168 Glycosyltransferase Clade A1
PGF 04305571 28228.179 Glycosyltransferase Clade A1
PGF 04305571 28228.163 Glycosyltransferase Clade A1
PGF 04305571 28228.173 Glycosyltransferase Clade A1
PGF 04305571 28228.175 Glycosyltransferase Clade A1
PGF 06502457 28228.174 hypothetical protein Clade A1
PGF 06502457 28228.168 hypothetical protein Clade A1
PGF 06502457 28228.173 hypothetical protein Clade A1
PGF 06502457 28228.175 hypothetical protein Clade A1
PGF 07849456 28228.166 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.168 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.163 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.174 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.173 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.179 Methyl-accepting chemotaxis protein Clade A1
PGF 07849456 28228.175 Methyl-accepting chemotaxis protein Clade A1
PGF 08123405 28228.163 hypothetical protein Both
PGF 08123405 28228.175 hypothetical protein Both
PGF 08123405 28228.166 hypothetical protein Both
PGF 08123405 28228.174 hypothetical protein Both
PGF 08123405 28228.173 hypothetical protein Both
PGF 08123405 28228.168 hypothetical protein Both
PGF 08123405 28228.179 hypothetical protein Both
PGF 09434601 28228.179 hypothetical protein Clade A1
PGF 09434601 28228.174 hypothetical protein Clade A1
PGF 09434601 28228.175 hypothetical protein Clade A1
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Supplementary Table 4, continued
PGF 09434601 28228.173 hypothetical protein Clade A1
PGF 09434601 28228.168 hypothetical protein Clade A1
PGF 09434601 28228.166 hypothetical protein Clade A1
PGF 09434601 28228.163 hypothetical protein Clade A1
PGF_10106483 28228.163 Periplasmic ligand-binding sensor domain COG3292 / BaeS-type histidine kinase / 

OmpR-type DNA-binding response regulator
Both

PGF_10106483 28228.173 Periplasmic ligand-binding sensor domain COG3292 / BaeS-type histidine kinase / 
OmpR-type DNA-binding response regulator

Both

PGF_10106483 28228.168 Periplasmic ligand-binding sensor domain COG3292 / BaeS-type histidine kinase / 
OmpR-type DNA-binding response regulator

Both

PGF_10106483 28228.166 Periplasmic ligand-binding sensor domain COG3292 / BaeS-type histidine kinase / 
OmpR-type DNA-binding response regulator

Both

PGF 10514242 28228.179 CBS domain protein Clade A1
PGF 10514242 28228.175 CBS domain protein Clade A1
PGF 10514242 28228.173 CBS domain protein Clade A1
PGF 10514242 28228.163 CBS domain protein Clade A1
PGF 10514242 28228.168 CBS domain protein Clade A1
PGF 10514242 28228.166 CBS domain protein Clade A1
PGF 10514242 28228.174 CBS domain protein Clade A1
PGF 10652116 28228.166 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.175 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.173 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.179 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.163 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.168 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 10652116 28228.174 Sensor histidine kinase PrrB (RegB) (EC 2.7.3.-) Clade A1
PGF 12133764 28228.173 hypothetical protein Clade A1
PGF 12133764 28228.174 hypothetical protein Clade A1
PGF 12133764 28228.175 hypothetical protein Clade A1
PGF 12133764 28228.163 hypothetical protein Clade A1
PGF 12133764 28228.168 hypothetical protein Clade A1
PGF 12133764 28228.179 hypothetical protein Clade A1
PGF 12133764 28228.166 hypothetical protein Clade A1
PGF 12765299 28228.174 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.163 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.179 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.175 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.166 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.173 Two-component system sensor histidine kinase Clade A1
PGF 12765299 28228.168 Two-component system sensor histidine kinase Clade A1
PGF 12908820 28228.168 Two-component system sensor histidine kinase Both
PGF 12908820 28228.174 Two-component system sensor histidine kinase Both
PGF 12908820 28228.173 Two-component system sensor histidine kinase Both
PGF 12908820 28228.166 Two-component system sensor histidine kinase Both
PGF 12908820 28228.175 Two-component system sensor histidine kinase Both
PGF 12908820 28228.163 Two-component system sensor histidine kinase Both
PGF 12908820 28228.179 Two-component system sensor histidine kinase Both
PGF 00071426 28228.163 formyl transferase domain protein Clade A3
PGF 00071426 28228.175 formyl transferase domain protein Clade A3
PGF 00071426 28228.179 formyl transferase domain protein Clade A3
PGF 00071426 28228.173 formyl transferase domain protein Clade A3
PGF 00071426 28228.174 formyl transferase domain protein Clade A3
PGF 00071426 28228.168 formyl transferase domain protein Clade A3
PGF 00071426 28228.166 formyl transferase domain protein Clade A3
PGF 00406592 28228.174 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00406592 28228.163 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00406592 28228.179 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00406592 28228.166 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00406592 28228.168 Cold shock protein of CSP family / DUF1294 domain Clade A3
PGF 00421447 28228.166 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.168 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.173 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.179 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.175 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.174 ATP-dependent RNA helicase YejH Clade A3
PGF 00421447 28228.163 ATP-dependent RNA helicase YejH Clade A3
PGF 01776330 28228.173 hypothetical protein Clade A3
PGF 01776330 28228.168 hypothetical protein Clade A3
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Supplementary Table 4, continued
PGF 01776330 28228.179 hypothetical protein Clade A3
PGF 01776330 28228.175 hypothetical protein Clade A3
PGF 01776330 28228.163 hypothetical protein Clade A3
PGF 01776330 28228.166 hypothetical protein Clade A3
PGF 01776330 28228.174 hypothetical protein Clade A3
PGF 02272288 28228.179 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 02272288 28228.168 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 02272288 28228.166 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 02272288 28228.174 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 02272288 28228.175 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF 02272288 28228.163 DNA helicase IV (EC 3.6.4.12) Clade A3
PGF_02272288 28228.173 DNA helicase IV (EC 3.6.4.12) Clade A3
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Supplementary Figure 1. Number of gene families present in the Colwelliaceae core genome (bottom line) vs. pangenome(top line)
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Supplementary Figure 2. Example fittings of the model of Ratkowsky et al. 1983. Based on a Monte Carlo Distribution of the growth rates of each 
Colwelliaceae strain
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Supplementary Figure 3. Individual fittings of model of Ratkowsky et al. 1983 for each identified subclade within the Colwelliaceae 
family.
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Supplementary Figure 4. Amino acid indices (columns) distribution of proteins for all Colwelliaceae family members (rows).



Supplementary Figure 5. Each genome's pairwise percent of unshared protein families against their 
respective pairwise OGT difference in Colwelliaceae
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Supplementary Figure 6. Example volcano plot where every dot is one global protein family's correlation against its respective genomes' OGT


